Abstract-The attitude detection of 3-DOF actuator is an important technology of 3-DOF spherical actuator control. For the space attitude change of the stator and the traditional detection method is invalid, the relative coordinate transformation is proposed in this paper, through the analysis of the coordinate systems of the spherical actuator. The transformed relative coordinate data is proved by using MATLAB platform. The traditional coordinate transformation and the relative coordinate transformation are compared in this paper. Using the relative coordinate transformation algorithm, the relative position detection system based on the MEMS six-axis sensor is designed. Using two sensors to detect both the attitude of the stator and the rotor, the relative position detection system is realized. The data received from sensor transformed by this method is used to verify the feasibility.
INTRODUCTION
As a multiple degrees of freedom mechanism, spherical actuator can realize more than 1 DOF movement. The mechanical structure can be simplified by using spherical actuator. For the different structure of the of the actuator, the different control algorithm should be designed. [1] [2] [3] [4] [5] [6] [7] Single DOF servo motor is studied deeply ,more and more control strategy and control algorithms are proposed [8] and the control theory is been developed vigorously. [9] Since the space scalability of the spherical actuator, the control method should be based on the attitude detection algorithm. Now, the research of the spherical actuator detection algorithm has been developed widely. Hefei University of Technology developed a detection algorithm which using the visual sensor to detect the position of the rotor that the surface is sprayed. [10] [11] A passive ball joint is designed as detection mechanism by Beihang university. The inclination angle sensor and optical encoder are built-in the passive ball joint. [12] [13] . Since it can only calculate the relative displacement between the rotor and stator, the optical encoder can't determine the attitude of the rotor. The detection method based on inclination angle sensor can achieve the absolute attitude of the rotor, the absolute position detection of the spherical actuator is difficult to apply to the space joint.
The attitude detection system based on the attitude detection sensor is relative to the geodetic coordinate system. Since the geodetic coordinate system is static, the stator of spherical actuator always assumed absolute rest. The spherical actuator's control algorithm should base on the relative position between the stator and rotor. The actuator may be used in space motion to achieve the greater degrees of freedom,. The relative position detection between the stator and rotor is needed, the relative coordinate transformation and detection system is imminent.
II. THE COORDINATE SYSTEMS OF 3-DOF SPHERICAL ACTUATOR
The 3-DOF spherical actuator, same as convention motor, is composed of stator and rotor.
Since the convention motor has a fixed output shaft, by contrast, the spherical actuator didn't have a fixed shaft, the rotation axis is virtual that doesn't exist. The output shaft is used to produce torque. The 3-DOF spherical actuator's structure is shown in Fig 1. When the spherical actuator rotates around the expected axis, the relative position between the rotor and the stator is change. The control algorithm of the 3-DOF spherical actuator will be influenced by the change of the relative position. Due to the structure of the 3-DOF spherical actuator, the tradition detection method is invalid when the spherical actuator acted in the space. In fact, 3-DOF spherical actuator generally composed of 3 basic coordinate systems, shown as Fig 1, the stator coordinate system R s , the rotor coordinate system R r and the geodetic coordinate system R 0 . In the traditional detection method, the stator coordinate system Rs and geodetic coordinate system R0 are regarded as the same coordinate system. Fig. 1 The coordinate systems of 3-DOF spherical actuator a. Geodetic Coordinate System R 0
The geodetic coordinate system R 0 is Descartes coordinate system; it's a fixed coordinate system. It meets with right-handed screw rule; consist of three orthogonal coordinate axis X, axis Y, axis Z. The coordinate system is based on the geodetic, setting as reference coordinate system. The direction cosine matrix whose parameter can be direct measured is related to this coordinate system.
b. Stator Coordinate System R s
The stator coordinate system R s , attached to the spherical actuator's stator, has 3 quartered axis x s ,y s ,z s and the center of the stator sphere is set as original point. The axis zs is pointed to the north of the stator sphere. The stator is static relate to the rotor. Since the stator coordinate system rotates with stator in the space movement, the stator coordinate system is not a static coordinate system.
c. Rotor Coordinate System R r
The rotor coordinate system R r , attached to the spherical actuator's rotor , has 3 quartered axis x r ,y r ,z r and the center of the rotor sphere is set as original point. The axis z r is pointed to the north of the rotor sphere. The output torque, Lorenz force and space voltage vector should be converted in this coordinate system. Since the rotor coordinate system is rotated with rotor, the rotor coordinate system is a moving coordinate system.
III. SPATIAL COORDINATE TRANSFORM
The coordinate transformation is very important in variable frequency closed loop system for the single axis AC motor. The parametric conversion based on the position detection space coordinate transformation play an important role in the 3 DOF spherical actuator detection systems.
Traditional Coordinate Transformation
The coordinate transformation is widely used in the strapdown inertial navigation system. The quaternion [14] and the direction cosine matrix methods often adopted in coordinate transformation method. The direction cosine matrix is discussed in this paper.
The relative position between rotor and stator can be determined by a slide frame measuring system. [15] There are 3 optical encoders in the slide frame to detect position signals. The attitude of the rotor can't be detected, and the detection system leading to increasing of the friction. The detection system is shown in the Fig2. A from coordinate system a to coordinate system b is shown below. 
The transformation 
Using direction cosine matrix can achieve any vector coordinate data after rotation. This method is used in the 3 DOF spherical actuator position detection systems. Through measuring the rotated angle, the cosine matrix could be obtained [11] .
Relative Coordinate Transformation
According to the analysis of the coordinate system of the spherical actuator based on the front section, the spherical actuator's coordinate system should include the geodetic coordinate system R 0 , stator coordinate system R s , rotor coordinate system R r . When the stator's attitude relate to the geodetic coordinate system have changed, the stator coordinate system will change with it. In this situation, the traditional position detection method is invalid.
The 3-DOF spherical actuator's relative coordinate transformation includes two transformations, the stator-rotor transformation (the transformation of stator coordinate system to rotor coordinate system) and the rotor-stator transformation (the transformation of rotor coordinate system to stator coordinate system). The transformation of stator-rotor could convert physical quantity in stator coordinate system into rotor coordinate system. Relatively the rotor-stator transformation could convert physical quantity in rotor coordinate system into stator coordinate.
Rotor-Stator Coordinate Transformation
Assuming the spherical actuator work in the space, the stator coordinate system R s is rotated According to the direction cosine matrix's property, the matrix's determinant equals 1. Since 
And formula (3) can be rewritten in formula (6).
Take formula(6) into formula(4), it can be achieve formula(7). A is the coordinate transformation matrix.
The matrix of the stator to rotor coordinate transformation and the matrix of the rotor to stator coordinate transformation are too complicated will not shown in the paper.
Data Simulation Experiment

Traditional Coordinate Transformation Experiment
The data simulation experiment is taken to test the traditional coordinate transform. Assume a point (0,0,1) on the sphere in the geodetic coordinate system, the rotor coordinate system rotate 1°~20° around x axis. The stator coordinate system doesn't rotate and coincide with the geodetic coordinate system. These transformed coordinate data in the stator coordinate system are shown in the Fig 5. These data equals the points in space coordinate rotate 1°~20° around the x axis. The traditional detection is based on the algorithm. 
The Comparison of Traditional and Relative Coordinate Transformation
The comparison experiment is taken to shown the difference of transformation method.
Assuming a point, which coordinate is (0,0,1), on the spherical surface. The coordinate data is calculated in the situation of rotor rotate and the rotor and stator rotate both rotate.
The rotor coordinate system relate to the geodetic coordinate system rotate 1°~20° around X axis, rotate 20° around Y axis. The stator coordinate system is not rotated relative to the geodetic coordinate system. The transformed coordinate system is calculated, the data achieved shown in the Table 1 . Relate to the geodetic coordinate system, the rotor coordinate system rotate 20° around Y axis, the stator coordinate system rotate 1°~20° around X axis, rotate 20° around Y axis. The rotor coordinate system data are transformed into stator coordinate system, the transformed data are shown in the Table 2 . 
IV. DESIGN OF DETECTION PLATFORM
MEMS Six Axis Sensor Attitude Matrix Solution
The attitude matrix solution has been widely used in strapdown inertial navigation system. In the strapdown inertial navigation system, the aircraft generally has a pitch, roll, yaw motion, which is consistent with the three degree of freedom motion of the spherical motor.
Using MEMS six-axis sensor, the space rotation between the carrier coordinate system and navigation coordinate system can be determined. The detected rotation angles are generally used to measure to fill the attitude matrix of the strapdown inertial navigation system. The strapdown inertial navigation system principle diagram is shown in Fig 9. [14-16] The physical picture of the entire design platform is shown in Fig 15. The annotation in graphs is shown in Table 3 . Obviously, due to the rotor rotation movement, the point data transformed in the rotor coordinate system is shown as a series of trace. That is, the point is rotated equivalent.
Whatever the stator attitude change, the trajectory shape of the four sub graphs should be consistent. The simulation result shows the characteristic. According to the sub graph 1-4, the sub graph 2 to 4 is equivalent to the 1 sub graph on the original basis around the Y axis once again rotated 15 degrees, 30 degrees and 45 degrees.
Fig 16 Simulation Result of Rotor Sensor Data
VI. PHYSICAL SIGNIFICANCE OF RELATIVE TRANSFORMATION MATRIX
In the field of spherical actuator, the stator coordinate system Rs is considered as the geodetic coordinate system R0. The particularity of the spherical motor makes it necessary to obtain the relative position of the stator and rotor. In the situation of stator doesn't move, the stator coordinate system Rs is equivalent to the geodetic coordinate system R0, as a special case.
When using Lorentz force to control the spherical actuator, the relative position between the coil of the stator and the permanent magnet should be obtained. Through detecting the rotation angles the stator coordinate system Rs relative to the geodetic coordinate system R0, The relative coordinate transformation has physical meaning. Relative coordinate transformation applies for 3 DOF spherical actuator and is more scientific and universal.
